a Cycloaddition reactions between pyridinium ylides and 3-alkenyl oxindoles that proceed in high yield and with very good regio-and diastereoselectivity are reported. The resulting cycloadducts have the same stereochemistry of biologically active oxindole alkaloids, such as strychnofoline.
Introduction
Natural products and their signature fragments are an enduring resource for identifying biological modulators. 1 A number of biologically active alkaloids, such as strychnofoline and isorhynchophylline ( Fig. 1) , feature spiroindolizidine oxindoles. 2, 3 This fragment is considered 'privileged' for potential therapeutic investigation and there is much interest in developing expedient synthesis of such structures. 4 Target spiroindolizidineoxindole structures may be efficiently accessed by 1,3-dipolar cycloaddition of 3-alkylideneindoline-2-ones. 5 Serov et al. described reactions between N-phenylacylquinolinium ylides with 3-alkylidene oxindoles, 6 while extended studies of this type of reaction have recently been reported. 7 The latter cycloadducts have a relatively high molecular weight due to additional aromatic rings and it is not easy to envisage strategies for their transformation into natural products or drug-like scaffolds.
There are no literature descriptions of corresponding 1,3-dipolar cycloadditions of pyridinium ylides to 3-alkylidene oxindoles, yet such cycloadducts would be attractive for access to spirooxindole alkaloids and possible therapeutics. Cycloaddition reactions of pyridinium ylides have previously been reported but in situ oxidation is commonly used, leading to valuable unsaturated indolizines. 8 Of course, such oxidations destroy the rich stereochemical information accumulated during the cycloaddition. Early investigation of general pyridinium ylide cycloadditions noted limited stability of the tetrahydroindolizine cycloadducts and this may have discouraged further investigation of these products. 9 The 1,2-dihydropyridine motif embedded within tetrahydroindolizine cycloadducts is generally regarded as unstable with few exceptions, 10 although there have been exciting developments in unlocking their synthetic potential.
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This report demonstrates that cycloaddition reactions between pyridinium ylides 2 ( Table 1 ) and 3-alkylidene oxindoles 1 proceed with good selectivity to produce generally isolable spirotetrahydroindolizineoxindole cycloadducts 3 in good yield.
Results and discussion
Starting materials for this route are readily accessible by olefination of isatin to give 3-alkylidene-2-oxindoles; 12 † pyridinium salts were obtained by alkylation. 13 † Pyridinium salts featuring N-methylene groups attached to an electron withdrawing group can be readily deprotonated using mild base to give the ylide.
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Initially, we set out to briefly investigate the role of solvent and base on yield. An excess of pyridinium salt 2a relative to dipolarophiles 1a was used to suppress further cycloaddition onto the initial tetrahydroindolizine product. 9 Generally, high yields of cycloadduct were obtained using a variety of solvents and base at room temperature, although suspending the reagents in dichloromethane, then initiating the reaction by addition of triethylamine is convenient ( Table 1 ). The cycloadduct 3a is stable to chromatography and could be stored under argon in the freezer for no more than a week.
Cycloaddition between the ylide derived from 3-bromopyridinium salt 2a and oxindole 1a appears to be highly regioand diastereoselective, giving a single product 3a (Table 1) . 1 H-NMR spectroscopy of the cycloadduct revealed an apparent triplet for the 5′ proton ( J = 7.0 Hz) indicative of reaction at the C-2 position of the pyridinium salt. Initial NOESY analysis revealed enhancements between protons corresponding to 1′ ring junction and 2′ position adjacent to the spirocentre, but not between the 1′ and 3′ positions adjacent to nitrogen.
Ultimately, single crystal X-ray diffraction of this material gave unequivocal evidence of the diastereoselectivity of the reaction (Fig. 2) . ‡ The relative stereochemistry of the spirocentre ( position 8a′) and the 1′ position is diagnostic of exo or endo selectivity; co-location of the oxindole carbonyl and 1′ proton on the same face of the cycloadduct is suggestive of an attractive interaction between the electron rich oxindole aromatic ring and the electron deficient pyridinium in the transition state. The trans arrangement of the 1′ and 3′ protons is also confirmed, indicating that the ylide is S-shaped in the transition state (Scheme 1). This relative stereochemistry is the same as that required for alkaloids related to strychnofoline and isorhynchophylline.
We next carried out investigation into the generality of the reaction using various 3-alkylideneoxindoles 1b-f ( Table 2) .
11 † Cycloaddition with the ylide derived from 3-bromopyridinium salt 2a generally proceeded to give good yields (80-90%) of cycloadducts 3b-f as single diastereoisomers with relative stereochemistry similar to cycloadduct 3a as judged by 1 H NMR spectroscopy. 3-Methylene oxindole 1f is a stable solid that readily undergoes cycloaddition reactions in good yield (entry 5). Unfortunately, N-substituted 3-methylene oxindoles are highly reactive and generally met with polymerisation before cycloaddition could be attempted. 16 On the other hand, N-propargyl and N-acetyl substituted oxindoles (entries 3 and 4, 1d and 1e respectively) bearing an ethyl ester gave good yields of cycloadducts (3d and 3e respectively). A selection of pyridinium salts (2g-l) were also evaluated (Table 3) . Cycloadducts arising from reaction with unsubstituted pyridinium salt (2l) could be detected by mass spectrometry of the reaction mixture but were not stable to purification by chromatography, however the saturated indolizidine 3l could be obtained by in situ reduction using RANEY® nickel in good yield.
Pyridinium salts featuring methyl, or phenyl substituents at the 3-or 4-pyridinium position (not shown) did not give observable products in their respective cycloaddition reactions using these condition, which we presume to be due to their instability.
Pleasingly, less acidic pyridinium salts featuring either nitrile (2m) or phenyl (2n) ylide stabilising groups could be deprotonated with sodium hydride, leading to good yields of the corresponding cycloadducts 3m and 3n respectively as single diastereoisomers (Scheme 2).
Pyridinium salts featuring resonance stabilising groups (2g-i) in the 3-position gave good overall yields of spiroindolizidine oxindoles arising from reaction at the C-6 position of the pyridinium ring, i.e. opposite to the electron withdrawing substituent. These products (3g-i) were obtained as a mixture of two diastereoisomers in varying ratios. 
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Crystals were obtained from the 3-cyanopyridine derived cycloadduct 3g that X-ray diffraction revealed to feature the 1′ proton on the opposite face to the oxindole carbonyl (Fig. 3) . ‡ This product was later confirmed as the minor diastereoisomer 3g′ by 1 H NMR spectroscopy.
There are two possible explanations for these observed results. One is that pyridinium resonance stabilising groups influence the orientation of the transition state. Alternatively, interconversion of cycloadducts via ring opening to restore the pyridinium ring, then rotation about the former 2′-8′a bond and rejoining of the enolate with the pyridinium may proceed. 17 An analogous reversible Mannich reaction mechanism is well known to occur in either acidic or basic media, leading to interchange between related spirocyclic oxindole alkaloid diastereoisomers, such as isorhynchophylline and rhynchophylline. 18 Diastereoisomer 3g′ remained unchanged when exposed to the same cycloaddition conditions for 14 hours, however.
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A recent paper described reactions of very closely related pyridinium ylides and 3-alkylideneoxindoles in ethanol with 20 mol% triethylamine at 50°C, but alkene products arising from elimination of pyridine were the exclusive reported products. 20 A similar reaction product was obtained when the cycloaddition reaction between pyridinium ylide 2l with 3-alkylideneoxindole 1a was performed in ethanol at room temperature, resulting in clean conversion to the elimination product 5 in 60% yield (Scheme 3). Presumably, the reaction proceeds via 1,4-conjugate addition and not cycloaddition, with subsequent elimination of pyridine. 21, 22 Significantly, crude cycloadduct 4 obtained from cycloaddition in dichloromethane at room temperature did not undergo elimination when stirred in ethanol with triethylamine. This result, when considered alongside the observation for cycloadduct 3g′ above, suggests that the reversible mechanism is not occurring in these cases. Overall, these studies underline that, for these reagents, cycloaddition and 1,4-conjugate addition reaction outcomes are under the subtle influence of solvent.
Conclusions
In summary, 1,3-dipolar cycloadditions between pyridinium ylides and 3-alkenyloxindoles that give spiroindolizidine oxindole products in high yield and with excellent regioselectivity and diastereoselectivity are reported for the first time. These cycloadducts are highly reminiscent of biologically active alkaloids, especially isorhynchophylline and strychnofoline. Specific modification of this general cycloaddition route to facilitate highly convergent access to such alkaloids and related targets is underway.
Experimental

General information
Experimental describing precursor preparation is included within the ESI. † General procedure for preparation of cycloadducts (3). Base (2 equiv.) was added to pyridinium salt (2 equiv.) in dry solvent, under argon and the mixture stirred at room temperature for 5 minutes. Oxindole (1 equiv.) was added and the mixture stirred at room temperature for 2-4 hours. Water was added and the organic layer separated, washed with water (2×), brine, dried over Na 2 SO 4 , filtered and evaporated. The crude products were purified by column chromatography on silica gel (using either MeOH-CH 2 Cl 2 ; 1/10 or EtOAc-petrol; 1/1 as eluent) or recrystallised with ethanol.
(1′R*,2′S*,3′S*,8a′S*)-Diethyl 8′-bromo-2-oxo-3′,8a′-dihydro-2′H-spiro[indoline-3,1′-indolizine]-2′,3′-dicarboxylate (3a Fig. 3 Crystal structure of the minor diastereoisomer of cycloadduct 3g' (CCDC 927102). Ellipsoids are drawn at the 50% probability level. 1744 , 1710 , 1636 , 1561 , 1466 , 1370 , 1308 , 1272 , 1191 , 1023 NMR δ H (400 MHz, d 6 -acetone) 8.22 (1H, d, J = 8.2 Hz, ArH), 7.45-7.39 (2H, m, ArH), 7.21 (1H, td, J = 8.2, 1.4 Hz, ArH), 6.63 (1H, d, J = 7.1 Hz, N-CHvCH), 6.11 (1H, d (1′R*,2′S*,3′S*,8a′R*)-Diethyl 2-oxo-3′,5′,6′,7′,8′,8a′-hexahydro-2′H-spiro[indoline-3,1′-indolizine]-2′,3′-dicarboxylate (3l). Following the general procedure described above but the product was not stable to chromatography on silica gel, so the crude cycloadduct 4 was reduced without purification using the following procedure.
Crude cycloadduct 4 (75 mg) and RANEY® nickel (10 mol%) were dissolved in anhydrous ethyl acetate (4 mL), under argon. The atmosphere was replaced with H 2 and the mixture stirred until reduction was complete by TLC analysis and then filtered through a pad of Celite. The filtrate was concentrated in vacuo and purified via column chromatography (EtOAcpetrol; 1/4) to give spiroindolizidine 3l as a yellow oil; 48 mg (63%); IR (ν max /cm −1 , CHCl 3 ) 3440, 3198, 2942, 1732, 1621, 1471, 1373, 1339, 1319, 1184, 1097 
